as compared to the leading edge vortex, is found to possess a higher peak vorticity level at its centre and induce more intense fluid circulation and Reynolds stresses production around it. It is found that the results at the three angles of attack can be collapsed into similar trends by using the projected plate width as the characteristic length of the flow.
Introduction
Flow around a two-dimensional bluff body is a basic fluid mechanic topic being extensively studied. The flow is also relevant to numerous engineering applications. Key [2] on flow past a flat plate, and Lyn and Rodi [3] on flow around a square cylinder. In these studies, phase-averaged velocity fields in the wake were obtained with a flying hot wire or laser Doppler anemometer (LDA). The results at successive phases in a vortex shedding cycle showed the development and dynamics of the equal-strength but opposite-signed alternating vortices in the vortex street.
The symmetrical time-averaged mean wake pattern behind the bluff body can be disturbed by the introduction of asymmetric flow conditions. Flow past a rotating circular cylinder is one example. Numerical investigations have showed that the wake is deflected to one side by the constant rotation of the cylinder and an asymmetric wake pattern was observed [4, 5] . A lift force is produced on the rotating cylinder from the Magnus effect. At relatively low rotational speeds of the cylinder, alternate vortex shedding from two sides of the cylinder still occurs. The alternatively shed vortices of opposite-signed vorticity are found to possess similar strengths in the wake. In the near-surface flow, however, the vorticity on the side of the cylinder moving against the free-stream is found to be more dominant than the vorticity of the opposite sign on the other side of the cylinder where the velocity difference across the separation shear layer is smaller [4] . These observations suggest that an asymmetric flow condition may lead to some degree of asymmetry in vortex shedding and vortex pattern in the wake.
A flat plate inclined to a free-stream at high incidence is another example where the wake flow is asymmetric about the wake centreline. Likewise, the plate is under a lift force. Past investigations have showed that over a wide range of angle of attack, vortex shedding occurs from the two edges of an inclined plate, leading to a vortex street in the wake. The early experiment of Fage and Johansen [6] The more recent study of Knisely [7] also found a nearly constant St'  0. 15 The observations of unequal strengths in the two vortex trains behind an inclined plate were questioned in a recent analytical study [10] . On the other hand, numerical experiments were recently reported by Breuer et al. [11, 12] 
Experimental Techniques
Experiments were carried out in the same wind tunnel as in Lam [9] . In the main sets of experiments, the plate was given controlled vibration in the vertical direction as in Lam [9] . The amplitudes of imposed vibration in all experiments were below 0.012 B'. A mechanical exciter (Brüel & Kjaer) was used to vibrate the plate and a displacement meter was used to record the sinusoidal vertical movement of the plate. The plate was vibrated near its natural vortex shedding frequency and lock-in occurred between vortex shedding and plate movement. Thus, the displacement signal provided a phase reference for the vortex shedding phase in a shedding cycle. As shown previously in Lam [9] as well as from later results, the controlled excitation of the plate improved the regularity of vortex shedding which was essential for good-quality phase-locked PIV measurement of the vortex dynamics. Two-dimensionality of the flow was also enhanced by the controlled excitation [9] and end plates were not installed on the plate.
The PIV system was based on the double-pulse cross-correlation technique [13] . Pairs of double-pulsed particle images were captured by a PIV camera (PCO Sensicam) with the maximum resolution of 1280 pixels  768 pixels. The double pulses were separated by a fraction of a millisecond at which the free-stream velocity would produce a displacement of about 10 pixels. Interrogation windows of 64 pixels  64 pixels, with a 50% overlay among windows were used. With some cropping of the images at the edges, there were typically 36  26 velocity vectors in each PIV snapshot. Vorticity at a grid point was calculated from the circulation around the eight neighbouring grid points.
In the experiments without controlled vibration, a hot wire was placed behind the trailing edge of the inclined plate to detect vortex shedding and its frequency. The hot wire was placed approximately at the location (x/B', y/B') = (2.5, 0.75), where the coordinates (x , y) are measured from the centre of the plate.
Results and Discussion
At the largest of the three angles of attack under investigation, that is, at  = , however, the spectral peak is not as sharp as one would expect from regular vortex shedding from a two-dimensional bluff body. This observation is particular obvious at low free-stream velocities, at Re < 10,000. The implications may be that natural vortex shedding from a stationary plate at high incidence is impaired with poor periodicity and poor regularity, perhaps due to increasing degrees of three-dimensionality of the wake [8] [11, 12] .
All these findings agree with the earlier observation that vortex shedding scales with the projected width of the inclined plate at an angle of attack higher than  > 20 o . Then at even smaller inclination angles, the Strouhal number, based on the projected plate width, become higher than the previous constant value around 0.14 to 0.15.
Application of controlled vibration of the plate has been shown to enhance the regularity of vortex shedding at small angles of attack [9] . The technique is applied in this study. mechanism. There are a number of shear-layer vortices, three in figure 4 , developed from the leading edge. It is discussed in Breuer and Jovicic [11] that the large-eddy simulation is capable of reproducing the Kelvin-Helmholtz instability which leads to these shear-layer vortices. The shear-layer vortices extend along the streamwise direction over a portion of the plate width from the leading edge. Only towards the rear end of the plate that a big recirculation region of the clockwise rotating sense is formed from the agglomeration of the shear-layer vortices. This completely formed "leading edge vortex" is already very near to the trailing edge of the plate. Its eventual detachment from the plate is found to be affected by the development of the next counter-clockwise vortex at the trailing edge [11] . The pair of vortices are then convected in the wake as an alternating vortex pair in the vortex street.
In the present PIV result in figure 3 , shedding of the positive-vorticity vortex from the trailing edge takes place near phase 6. This is when the plate is near its lower extreme position. At the previous phase prior to shedding, phase 5, the highest level of vorticity, at '  +2.45, is found at the centre of this vortex. At these two times, the vortex remains essentially attached to the trailing edge and stays at a location near x/B'  2.3. Then it is shed from the plate and is being convected downstream in the wake during which it grows in size but the peak vorticity level at its centre drops. At phase 7, it is centred at x/B'  3.0 and then at x/B'  3.5 at phase In the introduction to their theoretical work, Zannetti and Iollo [10] raised the concern on the existence of a vortex street comprising two trains of unequalstrength and opposite-signed vortices in the wake behind an inclined plate. As the lift on the plate has a steady mean value, the average total circulation associated with the vortex trains is expected to be zero. , the excitation frequency of the plate is below the natural vortex shedding frequency (see figure 2 ). This may explain the observed phase shift.
As discussed earlier, the peak vorticity levels at the vortex centres in figure   8 follow a similar trend of axial development as those at the other two values of . figure 10d and the u c u c production in figure 10c between the leading edge vortex (phase 2) and the trailing edge vortex (phase 6) near x/B'  7.5, it is clearly evident that the trailing edge vortex is stronger and induces a higher level of mixing and turbulence production. The results in figure 10 confirm that the trailing edge vortex in the wake has a higher strength and is associated with more intense dynamical activities than the leading edge vortex convected to the same x location half a shedding cycle later. though at a slightly more downstream location than its leading edge vortex counterpart, is clearly associated with higher production levels of Reynolds stresses.
Conclusions
The shedding of vortices from an inclined flat plate at high incidence has The present results show that these two vortices are more closely spaced and more intimate in the vortex street.
The different formation mechanisms of the two trains of vortices are believed to result in the different strengths observed between them in the wake.
When compared at the same axial location, the leading edge vortex has undergone a longer birth history than the trailing edge vortex. It is thus more diffused with a lower peak vorticity level at its centre and a larger spatial extent of fluid circulation.
In addition to the information on vortex pattern and shedding mechanism, the PIV results in this investigation also provide quantitative information on the dynamical properties of the vortices and will be helpful for validation of future numerical works. [2]
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